Introduction
============

Polycystic ovary syndrome (PCOS) describes a spectrum of reproductive and metabolic diseases characterized by hyperandrogenism and insulin resistance [@B1], [@B2]. Although PCOS affects 4%-21% of all adolescent and reproductive-aged women globally depending on the criteria used to define PCOS and on the ethnicity of the group being studied [@B3], the underlying cellular and molecular mechanisms of the pathogenesis of this syndrome are far from being completely understood. Furthermore, despite the impairment of endometrial dysfunction that causes endometrial hyperplasia and carcinoma, implantation failure, recurrent pregnancy loss, and premature delivery in PCOS patients [@B4], [@B5], an established cause-and-effect relationship between PCOS-related hyperandrogenism and insulin resistance and endometrial dysfunction-induced infertility is still lacking.

The human endometrium is an ovarian steroid hormone-responsive tissue composed of luminal and glandular epithelial cells, stroma with stromal fibroblastic cells, immunocompetent cells, and blood vessels [@B6]. It has been shown that 17β-estradiol (E2) drives epithelial cell proliferation whereas progesterone inhibits E2-stimulated epithetlial cell proliferation [@B7], and thus aberrant hormone levels might induce endometrial cell dysfunction. It is widely accepted that prolonged estrogen excess or lack of progesterone results in endometrial overgrowth and atypical endometrial hyperplasia [@B8], [@B9], which is the precursor of endometrial carcinoma [@B10], [@B11], and the majority of endometrial cancers are estrogen-dependent endometrial carcinomas [@B8], [@B9]. Due to chronic anovulation, PCOS patients experience sustained and persistent estrogen stimulation but minimal or completely absent progesterone stimulation [@B11], and PCOS patients with endometrial hyperplasia have a four-fold greater risk of developing endometrial carcinoma than non-PCOS controls [@B12]. Moreover, PCOS is a hyperandrogenic state that results in increased bioavailability of unopposed estrogens due to the increased peripheral conversion of endogenous androgens such as testosterone and androstenedione into estrogen [@B13]. In addition to changes in endogenous steroid hormone metabolism in PCOS patients, insulin resistance and obesity can also contribute to the development of endometrial cancer [@B13]-[@B15]. Although the metabolic tissues such as skeletal muscle, adipose tissue, and liver are considered to be the major tissues that contribute to whole-body insulin resistance [@B16], we and others have previously shown that the onset of endometrial insulin resistance also occurs in PCOS patients and PCOS-like animals [@B17]-[@B19]. Thus, abnormal steroid hormone responsiveness accompanied by hyperandrogenism as well as both peripheral and tissue-specific insulin resistance are all likely to be responses to pathophysiological alterations in the PCOS patient\'s endometrium.

Glucose is a primary source of energy and is used to maintain the cellular energy balance through the process of aerobic glycolysis and mitochondrial oxidative phosphorylation [@B20], and studies have indicated that abnormal glycolysis and mitochondrial function are involved in the progression of metabolic diseases, including PCOS. For example, gene expression analysis of endometrial and skeletal muscle tissues has shown that the expression of key genes involved in cytosolic glycolysis and mitochondrial oxidative metabolism is lower in PCOS patients compared to non-PCOS controls [@B21], [@B22]. Moreover, a clinical study showed that the levels of glycolysis- mediated and mitochondria-dependent metabolic products are decreased in the follicular fluid in PCOS patients compared to non-PCOS controls [@B23]. It is well known that the insulin-insulin receptor signaling pathway contributes to the regulation of glycolysis and mitochondrial function [@B24]. Compared to physiological conditions, some PCOS patients exhibit the onset and progression of insulin resistance and dysregulation of glucose homeostasis by reduced insulin action in multiple tissues [@B1], [@B2]. Furthermore, abnormal regulation of glycolytic enzyme activities is found in women with endometrial cancer [@B25]. Based on these findings, we hypothesized that alterations of glycolytic enzyme levels and mitochondrial function are different between non-endometrial hyperplasia and endometrial hyperplasia in PCOS patients. However, to the best of our knowledge, there are no available reports or studies demonstrating the expression of glycolytic enzymes or differences in mitochondria-dependent apoptosis in PCOS patients with and without endometrial hyperplasia either *in vivo* or *in vitro*.

PCOS patients with early-stage endometrial cancer are often of reproductive age, and they usually wish to retain their potential fertility. It is thus imperative to develop new and effective non-surgical and conservative treatments for these patients [@B26], [@B27]. Several clinical studies have demonstrated that treatment with metformin (*N,N*-dimethylbiguanide), an oral biguanide insulin-sensitizing drug [@B28], decreases the incidence, progression, and mortality of endometrial cancer [@B29], [@B30], and we and others have reported that metformin is sufficient to reverse atypical endometrial hyperplasia and carcinoma in some PCOS patients in addition to improving hyperandrogenism and insulin resistance and preserving their fertility [@B26], [@B31]-[@B33]. Although metformin is a promising drug for treating PCOS patients with endometrial hyperplasia and carcinoma [@B34], [@B35], the molecular and functional metformin-induced alterations in the uterus under PCOS conditions have only been studied to a limited extent [@B36].

In this study, we analyzed the expression pattern of key glycolytic enzymes, mitochondria- related molecules, and potential molecular markers (estrogen receptor (ER) alpha and beta and androgen receptor (AR)) in the endometrial tissues obtained from non-PCOS patients and from PCOS patients with and without endometrial hyperplasia. Using Western blot and immunohistochemical and immunofluorescent analyses, we measured protein changes in glycolytic enzymes, mitochondrial transcription factor A (TFAM), both ER subtypes, and AR in the endometrium to determine the possible role of glycolysis and mitochondrial function under PCOS conditions*in vivo*. In addition, endometrial tissues from PCOS patients with endometrial hyperplasia were used for studying the effects of metformin on estrogen-dependent endometrial hyperproliferation *in vitro*.

Materials and Methods
=====================

Ethical approval of human blood and tissue use
----------------------------------------------

Experiments involving human samples were reviewed and approved by the institutional ethical review committee of the Obstetrics and Gynecology Hospital of Fudan University (OGHFU 2013-23). Appropriate informed consent was obtained from all patients who were attending the Obstetrics and Gynecology Hospital of Fudan University in Shanghai, China.

Reagents and antibodies
-----------------------

Metformin, 3,3-diaminobenzidine tetrahydrochloride (DAB), and anti-mouse IgG horseradish peroxidase (HRP)-conjugated goat (A2304) and anti-rabbit IgG HRP-conjugated goat (A0545) secondary antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Alexa Fluor 594-conjugated goat polyclonal anti-mouse IgG was purchased from Invitrogen (Sollentuna, Sweden). The avidin-biotinylated-peroxidase complex detection system (ABC kit) and DAB-Ni were purchased from Vector Laboratories Inc. (Burlingame, CA). The primary antibodies used for Western blot analysis and immunostaining in the present study, along with their species, molecular weight, dilutions, and sources are listed in Supplemental Table [1](#SM0){ref-type="supplementary-material"}.

Patient selection and endometrial tissue collection
---------------------------------------------------

Reproductive-aged women with PCOS (n = 10) and without PCOS (n = 3) were recruited into the study. All PCOS patients were diagnosed by the presence of any two of three cardinal features such as clinical/biochemical hyperandrogenism, polycystic ovarian morphology, and chronic anovulation according to the Rotterdam criteria provided by the American Society for Reproductive Medicine and the European Society for Human Reproduction and Embryology [@B37]. Based on our previous study [@B26], body weight (BW), body mass index (BMI), follicle- stimulating hormone (FSH), luteinizing hormone (LH), total testosterone, glucose and insulin area under curve (AUC), and homeostasis model assessment of insulin resistance (HOMA-IR) score were determined before endometrial tissue collection. The oral glucose tolerance test (OGTT), insulin tolerance test, and HOMA-IR were performed as previously described [@B26], [@B38]. Neither non-PCOS nor PCOS subjects were exposed to any insulin sensitizing, hormonal, or steroidal therapies within three months prior to tissue sampling [@B26], [@B39]. All endometrial tissues were obtained during the proliferative phase of the menstrual cycle by endometrial curettage of the bisected uteri obtained after hysterectomy for benign gynecological indications. Each endometrial sample was diagnosed and staged by routine pathology analysis based on standard histological criteria [@B40]. All endometrial samples were fixed in 10% neutral formalin solution for 24 h at 4ºC and embedded in paraffin for histochemical analysis or snap frozen in liquid nitrogen for subsequent protein analyses in a non-blinded manner.

Endometrial tissue culture and treatment
----------------------------------------

The culture conditions and dose and time for metformin treatment were as described previously [@B41], [@B42].

Western blot analysis
---------------------

The protein extractions for human endometrial tissue/cells were performed as previously described [@B42], [@B43], and a detailed explanation of the Western blot analysis protocol has been published in our previous studies [@B39], [@B42].

Histology and immunostaining
----------------------------

Immunohistochemistry and immunofluorescence were performed according to previously described methods [@B18], [@B39]. Background settings were adjusted based on the examination of negative control specimens, and different controls for nonspecific staining have been described [@B39].

Statistics
----------

Results are presented as means ± SEM. Statistical analyses were performed using SPSS version 24.0 statistical software for Windows (SPSS Inc., Chicago, IL). The normal distribution of the data was tested with the Shapiro-Wilk test. Differences between groups were analyzed by one-way ANOVA or two-way ANOVA followed by Tukey\'s post-hoc test for normally distributed data or the Kruskal-Wallis test for skewed data. A *p*-value less than 0.05 was considered statistically significant, and statistical significance is shown as \**p* \< 0.05, \*\**p* \< 0.01, or \*\*\**p* \< 0.001.

Results
=======

In non-PCOS patients without hyperplasia, general histological evaluation of the endometrial sections stained with H&E showed that in the proliferative phase luminal epithelial cells exhibited secretory activity (Fig. [1](#F1){ref-type="fig"}A1) and the glands had pseudostratified columnar cells surrounded by dense stroma cells (Fig. [1](#F1){ref-type="fig"}A2). Based on the endometrial pathology analysis, we divided all PCOS patients into those without endometrial hyperplasia (Fig. [1](#F1){ref-type="fig"}B1-B3) and those with simple (Fig. [1](#F1){ref-type="fig"}C1-C3) and complex (Fig. [1](#F1){ref-type="fig"}D1-D3) hyperplasia. Both simple and complex endometrial hyperplasia had an increased risk of developing an endometrioid-type endometrial carcinoma [@B8], [@B9], and histological analysis showed that secretory epithelial cells were also detected in PCOS patients with simple and complex hyperplasia (Fig. [1](#F1){ref-type="fig"}C3 and D2). Although different numbers of apoptotic bodies were found between PCOS patients without hyperplasia (Fig. [1](#F1){ref-type="fig"}B1) and those with hyperplasia (Fig. [1](#F1){ref-type="fig"}C1-D1), more apoptotic bodies were seen increased in the luminal epithelial cells in all PCOS patients compared to non-PCOS patients (Fig. [1](#F1){ref-type="fig"}A1-D1). Compared to non-PCOS patients, PCOS patients without hyperplasia (Fig. [1](#F1){ref-type="fig"}B3) and PCOS patients with hyperplasia (Fig. [1](#F1){ref-type="fig"}C3 and D2) showed increased infiltration of stromal cells into the endometrial gland, and these cells were greater in number in those with hyperplasia. In addition, while the endometrial sections contained histologically normal glands with no evidence of glandular dilatation in PCOS patients without hyperplasia (Fig. [1](#F1){ref-type="fig"}B2 and B3), we observed that in PCOS patients with simple and complex hyperplasia the glands exhibited multiple glandular dilatations (Fig. [1](#F1){ref-type="fig"}C2, C3 and D2) filled with large amounts of secretory fluid (Fig. [1](#F1){ref-type="fig"}D3).

The clinical and biochemical features of this study cohort are presented in Table [1](#T1){ref-type="table"}. All patients had similar age, BW, BMI, and serum FSH levels, and all PCOS patients regardless of hyperplasia had higher serum LH and total testosterone levels as well as higher LH:FSH ratios compared to non-PCOS patients. Although there was no significant alteration in fasting serum glucose level between non-PCOS and PCOS patients, PCOS patients had higher stimulated serum glucose levels at 30 minutes in the OGTT. Further, stimulated serum glucose levels at 30 and 180 minutes in the OGTT were higher in PCOS patients with hyperplasia than PCOS and non-PCOS patients without hyperplasia. Although no significant difference in fasting serum insulin level between non-PCOS and PCOS patients without hyperplasia was noted, significantly higher stimulated serum insulin at 60 minutes and insulin AUC were observed in PCOS patients with hyperplasia.

Because cellular glycolysis is an enzymatic metabolic process that depends on the relative expression levels and activities of multiple enzymes [@B20] (Fig. [2](#F2){ref-type="fig"}A), we profiled the expression of hexokinase (HK) 1, HK2, phosphofructokinase (PFK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate kinase isozyme M2 isoform (PKM2, an alternative splicing isoform of pyruvate kinase), and lactate dehydrogenase A (LDHA) in the endometrium by Western blot analysis. Quantitative data indicated that PKM2 was decreased in PCOS patients with hyperplasia compared to non-PCOS patients (Fig. [2](#F2){ref-type="fig"}B). PDH is a key enzyme for pyruvate decarboxylation in the mitochondria and links mitochondrial oxidative phosphorylation to the glycolytic metabolic pathway [@B44]. Although our Western blot analysis failed to detect a significant difference in endometrial PDH protein abundance between non-PCOS and PCOS patients (Fig. [2](#F2){ref-type="fig"}B), immunohistochemical analysis showed that the levels of PDH immunoreactivity were decreased in the epithelial cells in PCOS patients regardless of whether or not hyperplasia was present (Fig. [3](#F3){ref-type="fig"}B1 and C1) compared to non-PCOS patients (Fig. [3](#F3){ref-type="fig"}A1). At the same time, we observed that endometrial mitochondrial transcription factor A (TFAM) protein was increased in PCOS patients regardless of whether or not hyperplasia was present compared to non-PCOS patients (Fig. [2](#F2){ref-type="fig"}B). ERβ protein expression was no different between non-PCOS and PCOS patients (Fig. [2](#F2){ref-type="fig"}B), while ERα protein abundance (Fig. [2](#F2){ref-type="fig"}B) and immunoreactivity (Fig. [3](#F3){ref-type="fig"}C2) were highest in PCOS patients with hyperplasia, which was in line with previous studies [@B39], [@B45], [@B46]. Moreover, elevated ERα protein expression (Fig. [2](#F2){ref-type="fig"}B) was associated with high levels of cell proliferative factors (vimentin and Ki-67) in PCOS patients with endometrium hyperplasia [@B39], [@B47]. This indicates that activation of estrogen-ERα signaling is related to sustained endometrial proliferation in PCOS patients with endometrium hyperplasia. Also in line with previous studies [@B39], [@B46], the levels of AR immunoreactivity were increased in the stromal cells in PCOS patients regardless of whether or not hyperplasia was present (Fig. [3](#F3){ref-type="fig"}B3 and C3) compared to AR expression in the stromal cells in non-PCOS patients (Fig. [3](#F3){ref-type="fig"}A3). Of note, we found strong and heterogeneous positive nuclear staining for AR in the epithelial cells in PCOS patients with hyperplasia (Fig. [3](#F3){ref-type="fig"}C3).

Because *in vivo* and *in vitro* pre-clinical and clinical studies have shown that metformin reverses PCOS-induced inhibition of glucose transporter (Glut) isoforms [@B17], [@B42] and reverses PCOS-induced enhancement of ERα mRNA expression in the uterus [@B42], [@B47], it is possible that metformin can directly regulate endometrial glycolysis and mitochondrial function in PCOS patients with hyperplasia. To address this question, we cultured endometrial hyperplasia tissues in the presence of 20 mM metformin. The results from the Western blot analysis showed decreased HK2 expression and increased PFK, PKM2, LDHA, TFAM, and cleaved caspase-3 expression (Fig. [4](#F4){ref-type="fig"}) in parallel with decreased ERα expression (Fig. [5](#F5){ref-type="fig"}) in the endometrial hyperplasia tissues after 24 h of metformin treatment.

Discussion
==========

PCOS is commonly considered to be a significant risk factor for the development and progression of estrogen-dependent endometrial cancer [@B36]. While endometrial hyperplasia predisposes for and coexists with endometrial cancer [@B48], a number of molecules such as estrogen and ER are important pathogenic factors that are involved in the onset and progression of endometrial hyperplasia [@B8]. Nowadays attention has started to focus on the role of metabolic abnormalities in the development of endometrial hyperplasia [@B9], [@B13], but to our knowledge the present study was the first to compare the expression of key glycolytic enzymes and mitochondria-related molecules between PCOS patients with endometrial hyperplasia and PCOS patients without endometrial hyperplasia.

It is well known that aerobic glycolysis- mediated catabolization of glucose to generate ATP is required for cellular proliferation under both physiological and pathological conditions [@B20], and previous reports have indicated that key glycolytic enzyme mRNAs and enzymatic activities can be detected in human endometrial tissues [@B21], [@B25]. While decreased levels of glycolytic enzyme mRNAs are found in the endometrium collected from PCOS patients compared to non-PCOS controls [@B21], our previous findings also showed that the expression of several glycolytic enzymes such as PKM1/2 is significantly decreased in the PCOS-like rat uterus [@B18]. Consistent with these previous reports, our Western blotting data showed that the amount of PKM2 protein was decreased in PCOS patients, particularly in those with endometrial hyperplasia, compared to non-PCOS controls. Because Gluts are not only the rate-limiting step of glycolysis, but also the first step of glucose metabolism [@B49], a number of Glut isoforms, including Glut4, are aberrantly expressed in the endometrium in PCOS patients and PCOS-like rats [@B18], [@B41], [@B42]. Thus, it appears that decreased glycolysis is a consequence of abnormal regulation of Gluts and impaired glucose uptake and utilization in the endometrium under PCOS conditions. Preclinical and clinical evidence suggests that tissue hemostasis, cell proliferation, differentiation, cell death, and remodeling are critical to normal endometrial function. The endometrium is one of main pathologically targeted tissues in PCOS patients, and the development of endometrial hyperplasia is mediated by excessive exposure to estrogen [@B8], [@B9]. However, E2 is a master regulator of endometrial cell proliferation [@B7] and has been shown to upregulate PKM2 protein expression in association with increased glucose metabolism in the rat uterus *in vivo* [@B50] and in human endometrial stromal cells*in vitro* [@B51]. While our data indicate that the levels of estrogen-regulated ERα protein are positively associated with endometrial hyperplasia in PCOS patients, it remains unclear to what degree such differences in the regulation of glycolysis reflect endometrial tissue responses to endogenous estrogenic stimulation or represent variations in different endometrial cell types or even cell compartments in these patients. Due to the increased endometrial AR expression ([@B39] and this study) and impaired insulin/PI3K/Akt signaling pathway in PCOS patients and PCOS-like rats [@B18], [@B19], we speculate that the decreased glycolysis seen in PCOS patients with endometrial hyperplasia might be accounted for by other etiological factors such as hyperandrogenism and endometrial insulin resistance.

Under both physiological and pathological conditions, mitochondrial function is essential for metabolic reprogramming and cellular energy production via glycolysis and the tricarboxylic acid cycle and plays a fundamental role in cell proliferation [@B52]. Previous clinical studies have reported that PCOS patients often exhibit increased reactive oxygen species (ROS) production in their ovarian granulosa cells [@B53] and leukocytes [@B54], [@B55]. While intracellular ROS are generated mainly in the mitochondria [@B56], [@B57] and inhibit PKM2 activity [@B58], our observations suggest that decreased metabolic glycolysis is a reflection of increased mitochondria- induced oxidative response in the endometrium in PCOS patients. TFAM functions as a transcription factor to protect tissues and cells from oxidative stress [@B59], and we have shown here that expression of endometrial TFAM protein is increased in PCOS patients. Both *in vivo* and *in vitro* preclinical studies have shown that PKM2 is critical for the growth of different human tumors [@B60], and the specific cell deletion of the PKM2 protein resulted in increased tumor cell proliferation in a mouse model of breast cancer [@B61]. Thus, abnormal regulation of endometrial PKM2 protein expression in PCOS patients suggests an important role for PKM2 in the onset and progression of endometrial hyperplasia. Our findings also suggest that upregulation of TFAM protein might lead, at least in part, to the mitochondria compensating for the PKM2 loss and repairing ROS-induced endometrial cell damage in order to maintain the endometrial cell proliferation in PCOS patients during the onset and progression of endometrial hyperplasia. However, the detailed mechanism of the regulation of endometrial cell survival and proliferation through PKM2 and its downstream targets in PCOS patients with endometrial hyperplasia remains to be further investigated.

Clinical studies have reported that apoptosis is rarely detected in the glandular epithelium during the proliferative phase or at the beginning of the secretory phase of the menstrual cycle [@B62]. Despite the lack of quantification, we show that the number of apoptotic bodies is increased in the epithelial cells in PCOS patients without hyperplasia compared to non-PCOS controls and PCOS patients with hyperplasia. While the development and progression of endometrial hyperplasia is strongly influenced by elevated estrogen levels [@B8], which are negatively associated with endometrial cell apoptosis [@B62], androgens act as anti-proliferative factors to regulate endometrial function [@B63]. Although PCOS patients exhibit hyperandrogenism regardless of whether they have endometrial hyperplasia or not, our data show that epithelial AR expression is not significantly increased in PCOS patients without endometrial hyperplasia compared to PCOS patients with endometrial hyperplasia. Because endometrial ER expression is paralleled with endometrial AR expression under physiological conditions [@B26], one might speculate that impaired coordinated regulation of ER and AR signaling pathways is involved in inducing epithelial cell apoptosis in PCOS patients without endometrial hyperplasia.

In addition to hyperandrogenism and insulin resistance [@B1], [@B2], impaired endometrial progesterone- progesterone receptor (PR) signaling is often seen in PCOS patients [@B7], [@B46] and PCOS-like animals [@B17], [@B47]. It has been reported that PR expression is decreased in PCOS patients with endometrial hyperplasia compared to those without endometrial hyperplasia [@B26], which might explain the loss of progesterone responsiveness seen in PCOS patients with endometrial hyperplasia. Interestingly, selective PR modulators such as ulipristal acetate play beneficial roles in endometrial function by up-regulation of both endometrial PR and AR expression in patients with heavy menstrual bleeding [@B64]. While PR and AR are both members of the steroid receptor superfamily and regulate the transcription of target genes by either forming structural homodimers themselves or by heterometrically binding to each other [@B65], it will be interesting to explore whether ulipristal acetate modulates endometrial PR expression and activity and counterbalances hyperandrogenism-induced AR activation and thus limits endometrial hyperplasia in PCOS patients.

Several clinical studies have previously shown that treatment of some PCOS patients with metformin improves endometrial receptivity and enhances endometrial vascularity and blood flow [@B66], [@B67]. While metformin has been shown to inhibit gluconeogenesis by modulation of AMP-activated protein kinase activity [@B36], metformin has also been reported to correct defective glycolytic processes and impaired mitochondrial respiration in metabolic tissues *in vivo* [@B68], [@B69]. Thus, as expected, our *in vitro* studies showed that metformin reverses abnormal alterations in glycolytic enzyme expression and triggers mitochondria-mediated caspase-3-dependent apoptosis in PCOS patients with endometrial hyperplasia. These results indicate that metformin reverses impaired uterine metabolism by inducing glycolysis and mitochondria-mediated cell death in PCOS patients with endometrial hyperplasia. The indirect (systemic) and direct (local) beneficial effects of metformin on uterine function in PCOS patients have been proposed [@B33], [@B36]. There is convincing evidence that organic cation transporters (OCTs) and multidrug and toxin extrusion proteins (MATEs) contribute to the cellular uptake and the excretion of metformin [@B70], and because human and rat endometrial cells express different OCT and MATE proteins [@B36] and because *in vitro* treatment with metformin regulates OCT protein expression in PCOS patients with endometrial hyperplasia [@B42], our findings suggest that metformin has direct effects on glycolytic enzyme and mitochondria-related protein expression.

Overweight/obesity-induced insulin resistance as a critical contributor to the pathophysiology of PCOS [@B1], [@B2] and plays important roles in altered glucose homeostasis and mitochondrial dysfunction in multiple tissues *in vivo* [@B13]. In the current study, there was no difference in BMI between non-PCOS and PCOS patients (Table [1](#T1){ref-type="table"}). Because several clinical studies indicate that greater insulin resistance is independent of higher BMI in various phenotypes of PCOS [@B3], this suggests that our PCOS patients appear to more accurately represent the lean PCOS phenotype.

The weaknesses of our study include the small sample size and the different protein expression originating from endometrial tissues but not separated into epithelial and stromal cells. The diversity of PCOS etiologies (hyperandrogenism and insulin resistance) and main hormone-responding endometrial cells types (epithelial and stromal cells) poses challenges for elucidating how aberrant glycolysis and mitochondrial dysfunction contribute to the development of endometrial hyperplasia in PCOS patients. Our study also raises the question of how the effect of metformin at the molecular level might inhibit the development of atypical endometrial hyperplasia and endometrial carcinoma in PCOS patients and how our findings affect therapeutic guidelines for PCOS patients with and without endometrial hyperplasia. Thus, in addition to studies featuring PCOS-like animal models to confirm the current findings, our data reinforce the need for a large clinical trial using multiple institutions/centers with different populations of PCOS patients with various phenotypes.

In summary, this study provides*in vivo* and *in vitro* evidence showing that abnormal expression of glycolytic enzymes and mitochondria-related molecules in PCOS patients with endometrial hyperplasia can be directly corrected by metformin treatment. The identification of the molecular mechanisms behind the initiation and development of endometrial hyperplasia under the conditions of PCOS will provide an opportunity for developing new preventative treatments for those patients at risk of developing endometrial cancer. Therefore, it will be important in future studies to determine the precise regulatory mechanisms and consequences of impaired glycolysis and mitochondrial dysfunction in the endometrium of PCOS patients.
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![(A1-D3) Representative images of histological changes in endometrial tissues collected from non-PCOS patients (A1-A3), PCOS patients without hyperplasia (B1-B3), PCOS patients with simple hyperplasia (C1-C3), and PCOS patients with complex hyperplasia (D1-D3). The endometrial tissue sections were stained with hematoxylin and eosin. Enhanced magnifications are shown in A3-D3. The blue rings indicate the secretory epithelial cells, the yellow arrows indicate the apoptotic bodies, and the black stars indicate infiltrated stromal cells in the endometrial gland. Epi, epithelial cells; Str, stromal cells. Scale bars (100 μm) are indicated in the photomicrographs.](ijbsv15p0714g001){#F1}

![(A) Schematic illustration of the glycolytic metabolic pathway and mitochondria-mediated energy metabolism, including key enzymes that have been identified in human endometria (labeled in blue). HK, hexokinases; PFK, phosphofructokinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PKM2, pyruvate kinase M2 isoforms; LDHA, lactate dehydrogenase A; PDH, pyruvate dehydrogenase; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic acid. (B) Comparison of the expression patterns of multiple glycolytic enzymes, mitochondria-related proteins, and estrogen receptor (ER) subtypes in the endometria between non-PCOS patients and PCOS patients with non-hyperplasia and hyperplasia. Endometrial biopsy samples were collected, and tissue lysates were directly immunoblotted with antibodies against HK1, HK2, PFK, GAPDH, PKM2, LDHA, PDH, TFAM, ERα, and ERβ as indicated. β-actin and gels stained with Coomassie blue (data not shown) served as loading controls. Prolif., the proliferative phase; HP, endometrial hyperplasia.](ijbsv15p0714g002){#F2}

![(A1-C3) Immunohistochemical and immunofluorescent staining of PDH (A1-C1), ERα (A2-C2), and AR (A3-C3) in the endometrial tissue sections from non-PCOS (n = 3) and PCOS patients with non-hyperplasia (n = 3) and hyperplasia (n = 4). The images are representative of those observed in numerous sections from multiple uterine tissues. Epi, epithelial cells; Str, stromal cells. Scale bars (100 μm) are indicated in the photomicrographs.](ijbsv15p0714g003){#F3}

![(A) Schematic of the *in vitro* experimental procedure. (B) Effects of metformin on the protein levels of the major glycolytic enzymes in cultured human endometrial tissues. Endometrial biopsy samples from PCOS patients with endometrial hyperplasia were treated with saline or 20 mM metformin for 24 h. Endometrial tissue lysates were directly immunoblotted with antibodies against HK1, HK2, PFK, GAPDH, PKM2, LDHA, and PDH as indicated. β-actin and gels stained with Coomassie blue (data not shown) served as loading controls. Representative images (n = 2 patients/group) from two independent experiments with identical results are shown.](ijbsv15p0714g004){#F4}

![Effects of metformin on mitochondria-related protein levels and nuclear estrogen receptor subtype expression in cultured human endometrial tissues. Endometrial biopsy samples from PCOS patients with endometrial hyperplasia were treated with saline or 20 mM metformin for 24 h. Endometrial tissue lysates were directly immunoblotted with antibodies against TFAM, cytochrome C, cleaved caspase-3, ERα, and ERβ as indicated. Representative images (n = 3-4 patients/group) from three independent experiments are shown. The gels stained with Coomassie blue served as loading controls.](ijbsv15p0714g005){#F5}

###### 

Main clinical and biochemical profiles in non-PCOS controls and PCOS patients with and without hyperplasia (only the proliferation phase).

  Characteristic       Non-PCOS (n = 3)   PCOS               
  -------------------- ------------------ ------------------ --------------------
  Age (years)          30.0 ± 3.6         29.3 ± 0.9         30.3 ± 1.5
  BW (kg)              67.23 ± 1.47       62.67 ± 6.17       67.43 ± 2.78
  BMI (kg/m^2^)        26.08 ± 0.64       24.76 ± 2.79       25.53 ± 1.27
  FSH (IU/l)           5.51 ± 0.62        7.30 ± 0.86        6.43 ± 0.78
  LH (IU/l)            4.61 ± 0.73        17.75 ± 5.56 ^a^   13.04 ± 2.10^b^
  LH/FSH               0.83 ± 0.04        2.33 ± 0.52 ^a^    2.10 ± 0.34 ^b^
  Total T (nmol/l)     0.20 ± 0.05        0.53 ± 0.06 ^b^    0.69 ± 0.03 ^b^
  OGTT                                                       
  *Glucose* (mmol/l)                                         
  Glucose 0 min        4.33 ± 0.57        4.83 ± 0.13        5.19 ± 0.26
  Glucose 30 min       8.80 ± 0.44        7.40 ± 0.30 ^b^    9.01 ± 0.38 ^c^
  Glucose 60 min       10.43 ± 1.33       8.67 ± 0.76        11.87 ± 0.97
  Glucose 120 min      8.03 ± 0.41        6.97 ± 0.26        10.39 ± 1.48
  Glucose 180 min      3.97 ± 0.26        6.23 ± 0.37        6.29 ± 0.71 ^b^
  Glucose AUC          15.71 ± 0.89       14.28 ± 0.59       18.50 ± 1.43
  *Insulin* (mIU/l)                                          
  Insulin 0 min        12.06 ± 4.14       10.31 ± 2.08       15.83 ± 3.96
  Insulin 30 min       54.62 ± 14.65      79.01 ± 28.09      71.04 ± 13.12
  Insulin 60 min       60.07 ± 5.18       59.19 ± 5.11       99.88 ± 9.56 ^b^
  Insulin 120 min      41.76 ± 3.68       61.93 ± 15.86      142.65 ± 43.67
  Insulin 180 min      21.60 ± 6.09       54.38 ± 23.20      76.87 ± 12.78
  Insulin AUC          86.65 ± 12.88      116.24 ± 28.43     179.96 ± 27.96 ^b^
  HOMA-IR              2.29 ± 0.90        2.24 ± 0.51        3.86 ± 1.08

BW, body weight; BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; T, testosterone; OGTT, oral glucose tolerance test; AUC, area under the curve, (AUC = 0.5 × \[BG0 + BG30\] / 2 + 0.5 × \[BG30 + BG60\] / 2 + 0.5 × \[BG60 + BG120\] / 2 + 0.5 × \[BG120 + BG180\] / 2); HOMA-IR, homeostasis model assessment of insulin resistance, (HOMA-IR = fasting blood glucose (mmol/l) × fasting serum insulin (mIU/ml) / 22.5).

Values are means ± SEM. The multiple comparisons between data were performed using one-way ANOVA followed by the Bonferroni post hoc test for normally distributed data or the Kruskal-Wallis test followed by the Mann-Whitney U-test for skewed data. A *p*-value less than 0.05 was considered statistically significant.

^a^ *p* = 0.05 versus non-PCOS patients. ^b^ *p* \< 0.05 versus non-PCOS patients. ^c^ *p* \< 0.05 versus PCOS patients with non-hyperplasia.

[^1]: \*These authors should be regarded as joint first authors

[^2]: Competing Interests: The authors have declared that no competing interest exists.
